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We show that direct CP violation in semi-leptonic and leptonic decays can occur in multi-Higgs 
doublet extensions of the electroweak standard model with flavor changing neutral currents. For 
pion and lepton decays this CP violating effects cannot be constrained by experimental data since 
up to now the branching ratio of the decays 7r~ and have not been measured in laboratory. 

PACS numbers: ll.30.Er; 13.20.Cz; 13.35.-r; 12.60. Fr 



I. INTRODUCTION 

Recently it was pointed out by Kaplan that the 
comparison between the polarizations of /i+ from the de- 
cay of 7r+ and of /i^ from the decay of ir^ could be used 
in order to verify if CP is violated in the tt — > /i — > e 
chain decay. Denoting by and A^^- the oscillation 
amplitudes for muons from tt^ and tt^ respectively it was 
found from the — 2 data that 



-0.01 < Acp = 



Atj+ — Atj- 
Atj+ + At^- 



< 0.02. 



(1) 



If this asymmetry is confirmed in the future, i.e., Acp ^ 
0, it means the existence of CP violation in pion and/or 
muon decays. Hence, we can ask ourselves what sort of 
models can produce them. 

The goal of this work is to point out that multi-Higgs 
doublet extensions of the SU{2)l ^ U{1)y model with 
flavor changing neutral currents (FCNC) in the Yukawa 
sector and CP violation, through the flavor mixing ma- 
trix in the interactions with the vector bosons and 
through the scalar sector (spontaneous or explicit), imply 
direct CP violation in semi-leptonic and leptonic decays. 
We also introduce a different way for counting the physi- 
cal phases in the fermion mixing matrices. Although this 
way coincides with the usual one, it is more appropriate 
when there are flavor changing neutral currents in a given 
model. If there is CP violation but not FCNC the effects 
are proportional to the fermion mass and therefore negli- 
gible. This of course implies constraints coming from de 
neutral meson parameters, notwithstanding, since there 
are new mixing angles those constraints do not necessar- 
ily imply large mass for both neutral and charged scalars. 
For instance masses of the order of 150 GeV are still pos- 
sible in models with similar effects to the present one . 

In the SM |^ the only source of CP violation is the 
phase in the mixing matrix Vckm of the vector charged 



currents |^ or, if we enlarge the Higgs sector it is pos- 
sible to implement spontaneous or explicit CP violation 
through the scalar exchange As we said before, here 
we will point out an effect which arises when a model has 
any kind of CP violation and also flavor changing neutral 
currents (FCNC). 



II. MULTI-HIGGS EXTENSIONS OF THE SM 

In the electroweak standard model (ESM by short) 
based on the gauge symmetry SU{2)l ® U{1)y and with 
only one Higgs doublet, the Yukawa interactions in the 
quark sector are 



(2) 



with $ = ((/)+, (fPY , <i> = ir^**, and F'^-" being arbitrary 
complex matrices (Yukawa couplings) in the flavor space, 
ipL = {U' , D')l denotes the doublet of left-handed fields; 
D'j^ and are gauge singlets; is the Pauli matrix and 
primed fields denote symmetry eigenstates. After the 
spontaneous symmetry breaking the neutral component 
of the scalar doublet 0° is shifted: = {v + H°)/V2; 
being v the vacuum expectation value (VEV) and a 
physical scalar field. Then, the Yukawa neutral interac- 
tion reads in the symmetry basis 



(tJ'LM^U'ji + D'lM'^D'j^ + H.c.) 1 



with the quark mass matrices Af^ ~ vV^/y/^. Next, 
must diagonalize the quark mass matrices M^,M'^ 
using biunitary transformations 



(3) 

we 
by 



M" 



(4) 



1 



with 

M" = Diag(m„, rric, nit) and M"^ = Diag{md ,ms ,mi,). 
The physical (unprimed fields) states are related to the 
symmetry eigenstates as follows: 

(5) 

and with Eqs. (|^) and (||) the Yukawa interactions in 
Eq. become diagonal in the flavor space 

(6) 

It means that there are no flavor changing neutral cur- 
rents since M"''' are diagonal matrices. This also hap- 
pens in the neutral currents coupled to the gauge bo- 
son. In terms of the physical fields the lagrangian does 
not depend at all on the V^''^ matrices (we will show 
here that this is not the case when we have FCNC) and 
the matrices V^^ and appear only as the combination 
VcKM — charged currents coupled to W^: 

UlI^VckmDl with Ul = {u,c,t)l and Dl = {d,s,b)l 
being mass eigenstates and Vckm being an arbitrary uni- 
tary matrix. 

Next, it is necessary to determine how many phases in 
Vckm (for simplicity this matrix will be denoted hereafter 
simply by V) are measurable. In quantum mechanics 
only the relative phases are important. Therefore, we can 
redefine the phases of the physical left-handed fields |^ , 

Uc.L = e^'^^^^u^L, dpL = e^'^^P^dpL, (7) 

where ip{q) are arbitrary real numbers. There are 2N 
of such quantities if there are N generations. Under 
the above transformations we have (after absorbing the 
phases we will forget the "tilde" in the fields) 

UlI^'VDl ^ Uli'^V'Dl = UlI^F-^VF'^^Dl, (8) 

where i^" = Diag(e^'^("), e^'^^^^ e*'^(*), . . .) and similarly 
for F"^. In general we can write V^p = e'l'^^''-'^^")! V^/j, 
where a and /3 denote an u-like and a d-like quark, re- 
spectively. A general N x N unitary matrix has pa- 
rameters with N{N — l)/2 of them taken as Euler angles 
and the remaining ones being phases. We see that in 
the matrix V, 2N — 1 of these phases are not measur- 
able. This comes out because we have 2N unmeasurable 
phases >f{P) and ip{a) but in V only the phase differences 
appear and there are 2N — 1 of such quantities (only a 
common phase transformation of all left-handed quarks 
leaves the elements of V invariant). Therefore, V has 
iV2-(27V-l) = (A^-l)2 parameters where N{N -l)/2 
are rotation angles. So, the number of phases in V' is 
(AT - 1)(7V- 2)/2. 



Although the argument above is correct we will con- 
sider a little modified one which seems to be more ap- 
propriate when the right-handed mixing matrices V^''' 
survive in the lagrangian density, like the case in which 
there are flavor changing neutral currents in the theory. 
However, it is still necessary to examine how this rephas- 
ing affects the remaining terms in the lagrangian. 

In the ESM the fermion-neutral gauge boson interac- 
tions are flavor as well as helicity conserving. Thus, there 
is no effect of the rephasing of the left- handed fields. 
The Yukawa interactions, although they are fiavor con- 
serving, are not helicity conserving. However, it is possi- 
ble to redefine the right-handed quarks exactly with the 
same phase as the corresponding left-handed ones and 
the Yukawa term remains unchanged too. That is, 

Uc,R = e^'^^'^^u^R, dpR = e^'^^P'^dpR. (9) 

In terms of the tilded fields, the lagrangian in Eq. (||) 
is still diagonal, no trace of the phases introduced in 
Eqs. (0) and (||) survives. 

As we said before, the Yukawa couplings F"''', or the 
mass matrices M"''^, are arbitrary complex matrices. It 
means that they have 2N'^ real parameters, or N'^ angles 
and N'^ phases. On the other hand, the matrices V^'^ 
are unitary matrices that is, each one of them can have 
up to N{N + l)/2 phases. The matrices M"-'' are real 
and diagonal (with positive eigenvalues). It means that 
the N"^ phases of F" (or F'') must be absorbed in the 
N{N + 1) > A2 phases of plus the phases of V^. 
We see that and do not need to be each one 
of them general unitary matrix, since in this case they 
have together more phases than the number needed to 
diagonalize F". For instance, if we choose to be a 
general unitary matrix, i.e., with N{N + l)/2 phases, 
it is sufficient for to have only N{N — l)/2 phases; 
or vice versa, if is the general unitary matrix with 
N{N + l)/2) phases, 1^ has only N{N - l)/2 of them 
(similarly with the d-like sector). 

In the context of the ESM or its extensions without 
FCNC both selections are indistinguishable. This can 
easily be seen as follows. In the mixing matrix of the 
charged currents coupled to the vector bosons only 
the product V = V^^Vj^ appears in the lagrangian. The 
matrices V^'"^ do not appear at all in the lagrangian. 
Thus, if we had chosen {Vl) as the general unitary 
matrix, independently of the choice of (^l )i ^^'^ ma- 
trix V is itself a general unitary matrix with N{N + l)/2 
phases. On the other hand, if we had chosen both and 
as being unitary matrices both with only N{N — l)/2 
phases, the rest of the phases needed to get real and pos- 
itive mass eigenvalues must be in the matrices V^''^ and 
V has only N{N — 1) phases. The last number has to 
be equal or less than N{N + l)/2 which is the maximum 
number of phases allowed for an unitary matrix. Hence, 
N{N - 1) < N{N + l)/2 for N = 2; but the number of 



2 



phases in V is again N{N + l)/2 for > 3. If we use now 
the phase redefinition of the physical fields in Eqs. (j^) 
and (H) the observable phases are as usual for iV > 3 
but for the case of = 2 we can have only one phase. 
It means that we can redefine not 2 x {N = 2) — 1 = 3 
phase fields but only 2x(iV = 2) — 2 = 2. The matrix 
has N{N + l)/2 or N{N - l)/2 phases, if the phases 
of are N{N - l)/2 or N{N + l)/2, respectively, (the 
same for V^). The phases will be observable if the ma- 
trices V^'''' do not disappear from the lagrangian as it 
is the case when the model has FCNC. Summarizing, 
for iV > 3 we can always choose the number of phases 
equal to {N — 1){N — 2)/2 in the interaction with the 
gauge boson. In the case of = 2, if we want not 
to have phases in V i.e., assuming that and/or 
are general unitary matrix it means that and/or 
have at least one phase. Anyway, there will be at least 
N{N — l)/2 for iV > 2 phases in the V^''' mixing ma- 
trices that will be observable if these matrices survive in 
the lagrangian density. 

In fact, this way of counting phases in the mixing 
matrices is important in models with additional inter- 
actions which are diagonal in the symmetry basis and 
have FCNC. For instance if gauge singlets like i^L'^R (or 
vectors like 'ipR'^^ipB.) are allowed. This is the case in the 
context of the SU{2)l <E) U{1)y model if new generations 
transform like a vector under the gauge symmetry. 

With only one Higgs doublet there are no physical 
charged fields. However, in extensions of the ESM model 
with several Higgs doublets there are physical charged 
fields. If the model has no FCNC the interactions of 
these fields with the quarks have the form 

J2 {uLYM'^DRcpt - DLV^M''UR.(t>l) + H.c, (10) 

i 

and we see that the same mixing matrix V of the charged 
currents coupled to the vector boson appears also in 
these charged scalar-quark interactions. The same CP 
violating phases appear in both, the Yukawa interactions 
and in the charged currents coupled to the vector bosons. 
For two or more doublets the fields (p'f are still symmetry 
eigenstates, thus it will be possible to have CP violation 
if the mixing matrix in the scalar sector has nontrivial 
phases, but this is not relevant for the case considered 
here. 

In a 71-Higgs-doublet model with FCNC, the Yukawa 
term of the lagrangian in the quark sector is 

-CY^Y.^L{Ti<^^)D'j, + H.c., (11) 

i 

where i — 1, • • • n; plus a similar term in f/^. Here F"''' 
are again arbitrary complex matrices in the flavor space. 
After the spontaneous symmetry breaking we have 4>^ = 
Vi + and the fields being linear combinations of 



the physical neutral scalars {h^ = J^j OijHj); the mass 
matrices are diagonalized as follows 

y^t ^ ^^r-v^ = ^^r- = m". (12) 

i i 

The interaction terms with the neutral scalars are of 
the form 

^ (DLVt^TfV^DR) h!l + H.c. (13) 

i 

or 

J2DlO,,DrH^ + H.C., (14) 

where 

{0..jU = (v^^'i^MO.A , (z fixed). (15) 

\ / a/3 

The matrices diagonalize J2i'^i^i but not ViVf 

separately for each i; hence we have flavor changing neu- 
tral currents coupled to the neutral scalars. Notice that 
since F^ are arbitrary matrices V^^TfV^ have iV^ phases 
in A/" < rt — 1 of the Tf matrices. We have no more 
freedom to redefine phases since we have already used 
it in absorbing the phases of the Cabibbo-Kobayashi- 
Maskawa matrix V, as discussed above. It means that 
even in the case of A^ = 2 generations we will have four 
physical phases in Af of the matrices Tf appearing in the 
neutral currents via scalar exchange even if the matrix 
has only one phase. 

The charged Yukawa interactions are of the form 

J2 ULV-^rfVliDR<l>t + H.c, (16) 

i 

and the same number of phases of Eq. (|l^ ) survives here 
too. Since (j )f are symmetry eigenstate fields we can 
rewrite Eq. ( [iq ) in terms of the mass eigenstates Hj' 

Y,UlV,jDrH+ + H.C., (17) 

where we have defined 

(y^,U = f^^L ^r^l/i?/Cy) , (z fixed) (18) 

with a ^ u, c,t, (3 — d,s,h. Notice that the interactions 
in Eqs. ( |l3|) and ( |l6| ) (or (|l^)) are not proportional to the 
quark masses; even if O^- and ICij were complex matrices, 
there are A^^ phases in the matrices O and V in Eqs. ( p^ ) 
and (p^), respectively. 

Concerning the charged leptons, they can be rotated 
like the rf— like quarks in Eq. (||) but now with Vl in- 
stead of Vl j^. In the lepton sector the Yukawa interac- 
tions are (with massless neutrinos) 
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+ lLV}}Tivlihh^ 



H.c, 



(19) 



where we have redefined the neutrino fields so that 
there is no mixing in the charged current coupled to 
the vector bosons W^. The mass matrix for the 
charged leptons M' — J2ii''^i/^)^i is diagonalizcd as 
in the case of the quarks v!-^ M^VL = aV, with M' = 



Diag(me 



•). Hence, the unitary matrices 



diagonalize M' but not ViT\ separately. Although we 
have redefine the neutrino fields in the charged currents 
coupled to the vector bosons , the same is not possi- 
ble in the interactions with ipf. Hence, we can see from 
Eq. (|l|) that even with massless neutrinos we cannot 
avoid, in general, to have mixing in the charged currents 
coupled to the charged scalars and FCNC mediated by 
the neutral scalars in the charged lepton lepton sector as 
well. If we allow T\ to be general N x N complex matri- 
ces we have phases in the Yukawa interactions of the 
charged Higgs in the lepton sector. 

The currents in Eq. (19) can be written in terms of the 
physical charged scalar: 



with 



and 



(KjU = (vL^lvkl^^J) „ , fixed), 



(20a) 



(20b) 



(O'jU = (vi^^ivlO,,) , (i fixed), (20c) 
where a, /? = e, /i, t. 

III. PHENOMENOLOGICAL CONSEQUENCES 

An important consequence of this kind of models is 
that they imply direct CP nonconserving processes. For 
instance, AS = 1 processes like the 2tt decay. In 

the ESM only penguin diagrams contribute to this sort 
of processes j9|. In the present context CP violation 
arises because of the interference of the amplitudes of 
the diagrams shown in Fig. |] and that of the standard 
electroweak model involving W bosons. Similar effect 
exists in hyperon decays |p^ . 

More interesting is the case of CP violation in semi- 
leptonic and leptonic decays. For instance, tt — > lui (par- 
ticularly when I = fi), T ^ fivD and fi — s- evP decays. 
Usually it is assumed that the 7r+ decay conserves CP. 
For massless neutrinos the CP mirror image of the decay 

7r+ /^LH + is '^^ ^ t^RH + '^M- i'fi*' fi^'st one the 
helicity of the muon is negative while in the second one 



V 



us 



u 



^ H 



V* 
d ^ud 

FIG. 1. Charged scalar H 



u 



contribution to 



it is positive. Positive pions come to rest then they de- 
cay as 7r+ — > fJ.'^i'p,. Next, the muon after traveling some 
distance comes to rest and it decays as fj,~^ — > e'^Ve'^p,- 
Events of the chain 7r~ — > /i~ — > e~ are not seen in this 
form since negative pions coming to rest in any mate- 
rial are attracted by a nucleus and captured at a rate too 
great for the decay be competitive. Hence, it follows that 
pions decaying in flight in vacuum are required for a CP 
test |l^. Similarly for the decay. 

In models with multi Higgs doublets and FCNC the 
interference of the amplitudes in Fig. || and that of the 
similar diagram involving the W boson implies CP vio- 
lation in TT^ decays. 




H 




FIG. 2. Charged scalar H contribution to tt 



Here we will use the normalization of Ref. ||l^] which 
implies (0|A^(0)|7r(g) = if^q^ and {0\P{0)\Tr{q)) = 
ifT^rn^/lmu + md) [[l3| . We can define the rate asym- 
metry 



A„ = 



-L -rr-\- -L -j7 



r. 



2r, 



(21) 



where the difference of the partial width of the respec- 



tive decays tt^ 



/i+fp and TT 



v^, (r^± ) is given 



by the interference term k = A\m{AiwM.H), times the 
phase-space factor (which cancel out in the ratio Ajr); 
M.W (Mh) denotes the invariant amplitude due to the 
W vector {H scalar) boson. Thus we have: 



GF.f^mlmf_, 
87r(m„ 4- md)'m'jj. 



Im(ylj)sinA(5, (22) 



where we have defined Ad = 6^ — 6- with (5+ ((5_) be- 
ing CP conserving re-scattering phases for the 7r+ (tt^). 
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respectively, coming from higher order corrections to the 
diagram in Fig. ^j. For instance loop induced correction 
in the vertex on the right-vertex in Fig. ^ can arise in the 
model. However they must be of the order of Gprn'^ ~ 
10-7 0. We have also defined Aj = Kd(V;)„d(Vj)^.,, . 
The contribution of a given scalar j can be suppressed 
if lm{Aj) sin AS is small or; if the mass is large. 

Since the phases 6+ and S- vanish at leading order we 
will assume that sin AS is the main suppression factor. 
For instance, using /tt ~ 0.131 GeV, iriu + md = 10 MeV, 
= 106 MeV |l2| and for a j fixed m^^ = 100 GeV we 
have 

— « 1.4 X 10i"lmM,) sinA<5 s~^ (23) 

h 

We do not know what must be the experimental value 
of , since there is no a direct measure of the difference 
of the partial width of tt"*" with respect to tt~ . (It is 
always measured Tt^+ and it is assumed that the value 
for r^- is the same.) However if <C F^r we have 

A, w ^ ~ 1.9 X 10-'^[1.4 X 10i°Ini(Aj) sinA5] 

= 2.66x10^ lm{Aj ) sin AS (24) 

with Im(Aj)sinA(5 w 10^ ^'^ (j fixed), which is not an 
unreasonable value (even if lm{Aj) < 1) for a quantity 
which arise at higher order, we have an asymmetry A^r 
of the order of 10""^ as in Ref. [Q. In fact if we assume 
sin A(5 ^ 0(10^^") there is no contraint at all on lm{Aj) 
even for a light Higgs scalar {Mh ~ 100 Gev). We stress 
that F's matrices in Eqs. (|20|), in principle, are neither 
unitary nor hermitian, so the most general constraints 
come from perturbation theory: |Fp/47r < 1. Similar 
analysis can be done with the fi'^ and /i^ decays. In this 
case we can define in analogy with the A^ an asymmetry 
A^. However, it is not clear for us what is the relation 
between Ajr and A^ and the Aqp asymmetry in Eq. (|^). 
Notice that the mallness of the CP violation in the tt 
and n decays does not implies a small CP violation in 
the chain tt — > /x e since it may exist an CP observable, 
say A, such that 



U 



A{7T^ 



A(Tr- 



(25) 



depends only on the weak phases. In calculating the 
asymmetry in Eq. ( p5| ) muons have to be considered as 
virtual particles | |T5|] . 

Contributions to e'^ at the tree level constrain Vus', so, 
compatibility with data Re (e'^/ei<-) = (28 ± 4.1) x lO"'' 
from KTeV ^ and (18.5±7.3) x IQ--^ from NA48 [0jl8| 
can be obtained by choosing appropriately this matrix e- 
lement (for a Mh = 100 GeV Higgs scalar) since the A^ 
asymmetry does not constrains it too much. 

In the present model there are also contributions to 
coming from processes mediated by neutral Higgs bosons 
and in the Kl — > Ii^itt decay because of the interference 
of s — + uW~^ ulvi and s — > uH^ ulvi. They may 
be suppressed mainly by the CP conserving phases. 





V 








V 


H- 





d u 

FIG. 3. Scalar mediated contribution to the Kl ttuv 
decay. 



IV. RARE DECAYS 

It is worth to make a remark with respect to the 
rare neutral kaon decays like Kl — > 7r"e+e^ |19| and 
Kl 'K^vv [Q. Both decays in the standard model 
violate CP in leading order. In particular the decay 
Kl ■k'^vv is not only CP violating, but also it does not 
have the potentially large 27 mediated CP-conserving 
contributions which occur in the Kl Tr^e'^e~ de- 



cay 121). 

Denoting the CP- violating parameter fj^rup, it has been 
shown that 0.1 < f^Tri/p ^ 1 which is much larger 
than the corresponding K ^ tttt parameters. Although 
in the standard model this decay has a branching ratio 
B{Kl TT^vv) ^ 2.78 X 10"" Q the experimental 
data give 



r{KL 



'- < 4.3 X 10"^ 



total 



(26) 



It means that this decay can be sensitive to new physics. 
In the standard model the main contributions to the de- 
cay Kl — > n'^h'v come from penguin and box diagrams. 
On the other hand, in the present model this decay pro- 
ceeds via diagrams like that in Fig. |^. The interference of 
the diagram in Fig. ^ with a similar one with IF± 
induces CP violating effects. 

Independently of the CP issue, using the model inde- 
pendent ratio pj] 



B{Kl TT^vv) < 4.4 X B{K+ n+i'D) 



(27) 



which is valid even if lepton flavor is not conserved 
and ^ 

B{K+ TT+w) = l.Slf j X 10-1", 



we obtain 



B{Kl -> TT°w) < 6.6 X 10 



-10 



(28) 



In the present model the decay Kl n^vv arises at the 
tree-level while the decay if+ n^vi? arises at the 1- 
loop level. Hence, at first sight it appears that in this 
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model the inequality in Eq. (p7|), which assumes only 
isospin relations, can be evaded and B{Kl ir^vv) > 



a 



B{K 



■K'^vv). Notwithstanding, notice that the ef- 



487r 



E 



(33) 



fective interaction Lagrangian arisen from diagrams like 
that in Fig. ^ are not of the four-fermion form {sd){py) 
but of a legitimate six-fermion form. For instance, the 
strength of the diagram in Fig. ^ is proportional to 



and for accounting the experimental branching ratio we 
have that (for i,j fixed) in Eq. ([l^ ) we have 



E 



Mjj.Ml ■ 



l(Vj)M.(V;)e 



(29) 



IGeVy 



< 1.96 X 10~ 



Hi 



(34) 



The dimensionless ratio of the strength of the ampli- 
tude in Fig. ^ with respect to the four-fermion effective 
interaction Lagrangian in the standard model, denoted 
here by Asm, is (assuming a fixed j) 



R 



A 



SM 



(30) 



where 



for a scalar mass of 100 GeV we have that 
|(Vj)^i(Vj^)e»P < 10"*. When i = ^ this value is com- 
patible with that needed for saturate the value of .... The 
decay ^ eee has a branching ratio B{ijl ^ eee) < 
1.0 X 10^^ |l^] and it is induced in the present model only 
by neutral (pseudo) scalars. It means a constraint only 
on the matrix elements of and also on the mass of the 
neutral Higgs, but both sort of parameters do not appear 
in the tt — > f^v decay. This is also valid for the contribu- 
tions of the neutral scalar to the ii ^ ej decay and also 

to the constraint coming from the Kl — > /ie decay which 
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Asm = Gpa(Afz)2ImC/\/27rsin2 0w GeV"^ (31) has B{Kl ^ e±//=F) < 3.3 x 10 " |2|. For the two dou 



with the values for the parameters in Eq. ( pl| ) given in 
Ref. H we obtain Asm ~ 3.6 x 10"" GeV^ Hence we 
have in Eq. (pOl) 



i?w 7.7x lO"* 



(32) 



We see that even a relatively light scalar Mh^ > 80 GeV 
gives a contribution which is 10~^ smaller than the stan- 
dard model 1-loop contributions. The decay tt^vv 
was considered in two- and three-Higgs doublet models 
with and without FCNC in Ref. . There it was shown 
that the contributions of the charged Higgs bosons for 
that decay is also smaller than the standard model result 
and thus unmeasurable. 

In the lepton sector the flavor violation effects via the 
neutral scalar exchange induce not only the usual muo- 
nium [M = /i+e~)-antimuonium (M = fi~e~^) transi- 
tion Ig^l but also CP violation, this leaves this system 
closer to the neutral kaons . Notice that in this model 
there are scalar and pseudoscalar contributions to the 
M ^ M transition [|8). If the |(Vj)^^^| matrix element 
is left arbitrary in the pion decay, the CP- violation neu- 
tral interactions given in Eqs. ( pO| ) can be large enough 
to be detected by comparing M M to M M con- 
versions. 

There are other exotic decays that are induced by this 
sort of models. For instance /i — > 67, /i — *■ eee and other 
rare r decays. The branching ratio of the first decay 
above is B{^ — > e-f) < 4.9 x 10^^^ Q. In the present 
model there are contributions coming from both neutral 



blet case, the process ^ /ie implies scalar masses of 
the 30-200 GeV, depending of the ratio of the VEVs [|o|. 
There will be also CP violation in another semileptonic 
decays as B° Xvil; and also in pp l^vX be- 
cause of the interference oi pp W^X l^vX with 
pp H^X l^vX but we will not consider them here 
since the exotic leptonic decay seems to be more restric- 
tive. 

There is another source of suppression that we would 
like to pointed out [Q. Suppose the case of two dou- 
blets. In this case we have two massive neutral scalars. 
The charged lepton Yukawa interaction in Eq. ( p^ ) can be 
written as 



(35) 



It means that the vertex in Eq. ( 20a ) are proportional to 

V2 . 



Oij + O 



2j 



(36) 



This implies that there are invariant amplitudes that are 
proportional to 

Ef-5^i. + 02. 



(37) 



and charged scalars through the interactions in Eqs. (20) 
For the charged scalars we have [291 



For non-diagonal transitions /i — s- e, r — s- /i (the later 
one appears in the process like r fxee, which also oc- 
curs in these sort of models) , the mass terms in Eq. ( |3^ ) 
do not contribute. Even for diagonal processes, if wi is of 
the order of the Fermi scale the mass terms are negligible. 
It means that one of the matrix elements can be chosen 
such that the term between parentheses is small, for in- 
stance, for the lightest scalar — (w2/wi)Oij -I- 02j ^ 1 
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(j fixed). The other matrix elements are determined by 
the orthogonality condition but these contributions are 
suppressed by the mass Mh • For more than two dou- 
blets there will be always some vertices that can be sup- 
pressed in this way; the other ones can be suppressed 
by the masses of the scalars. A similar analysis is valid 
for the pseudoscalar sector. Notice that a light neutral 
scalar contribution to the — mass difference must 
be suppressed by the mixing angles of the right-handed 
matrix as it appears in Eq. ([l3|); or/and because of 
the fact that the phenomenological scalar that couples to 
quarks is different from that that couples to the charged 
leptons. 

Finally, let us consider the branching ratio 



R 



(38) 



which is rather experimentally suppressed and for this 
reason is an important process to test the /le universal- 
ity PI. We have that fll 



^cxp ^ (1.230 ±0.004) X 10" 
and in the present model we have |]l3| 



R — -Ro 



1 + {V*)ud{V'j)eu,ml/2—^GlmeMl 
1 + {V*)ua{V])^,ml/2--.Glm^Ml 



(39) 



(40) 



where Rq is the standard model contribution This 
implies that even if \{y*)ed{^'j)euA ~ 1 a Higgs with 
Mh = 1000 GeV, as considered in Eq. (|23), produces 
a 0.4% shift in R for any value of (V*)„d(V^)^tiy^ • How- 
ever, since neutrinos are not detected in experiments it 
implies similar bound on non-diagonal matrix elements. 
In models where the Higgs scalars couple in proportion 
to the fermions mass the pion decay implies Mh = 80 
GeV |3^]; if the couplings are proportional to the mass 
of a heavy fermion we have Mh > 0.5 TeV Q. 



V. CONCLUSIONS 

We would like to stress that the features we have shown 
in this work can be implemented in other models with 
complicated Higgs sector and intermediate mass scales. 
An interesting possibility arises when, by imposing an 
appropriate discrete symmetry, the scalars coupled to 
the leptons are different from the scalars coupled to the 
quarks. In this case we have the so called "leptophilic" 
Higgs scalars since the VEV of the neutral scalars cou- 
pled to the leptons may not be necessarily of the same 
order of magnitude than the VEVs which give mass to 
the quarks and vector bosons pS]. 



ACKNOWLEDGMENTS 

This work was supported by Fundagao de Amparo a 
Pesquisa do Estado de Sao Paulo (FAPESP), Conselho 
Nacional de Ciencia e Tecnologia (CNPq) and by Pro- 
grama de Apoio a Niicleos de Excelencia (PRONEX). I 
am grateful to D. M. Kaplan and C. O. Escobar for useful 
discussions and to G. Valencia for calling my attention 
to Ref. 0. 



[6: 
[7: 

[9: 

[lo; 

[11 



[12; 

[is: 

[14 

[is: 
[16: 

[17 

[is: 

[19 

[20 
[21 



D. M. Kaplan, Phys. Rev. D 57, R3827 (1998). 
The early reference for the use of free leptons to test dis- 
crete symmetries is J. H. Field, E. Picasso and F. Comb- 
ley, Sov. Phys. Usp. 22(22), 199 (1979). 
J. Bailey et al., Nucl. Phys. B150, 1 (1979). 
D. G. Dumm, Int. J. Mod. Phys. All, 887 (1996). 
S. L. Glashow, Nucl. Phys. 22, 579 (1967); S. Weinberg, 
Phys. Rev. Lett. 19, 1264 (1967); A. Salam, m Elemen- 
tary Particle Theory, Ed. by N. Svartholm (Almqviat and 
Woksell, 1968); S. L. Glashow, J. Iliopoulos and L. Ma- 
iani, Phys. Rev. DD2, 1285(1970). 

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 
652 (1974). 

T. D. Lee, Phys. Rev. D 8, 1226 (1973); Phys. Rep. 
9, 143 (1974); S. Weinberg, Phys. Rev. Lett. 37, 675 
(1976). Phys. J C 11, 293 (1999) and references therein. 
For more details see C. Jarlskog, in CP Violation, Edited 
by C. Jarlskog (World Scientific, Singapore 1989); p. 3. 
F. Gilman and M. Wise, Phys. Lett. B93B, 189 (1980). 
J. F. Donoghue, X. G. He and S. Pakvasa, Phys. Rev. D 
34, 833 (1986). 

D. M. Kaplan, presented at the Workshop on CP 
Violation, 3 -8 July 1998, Adelaide, Australia, |iep 



ph/9809400 



D. E. Groom et al., The European Physical Journal, 
C15, 1 (2000). 

J. F. Donoghue and L.-F. Li, Phys. Rev. D 19, 945 
(1979). 

S. Dawson and G. Valencia, Phys. Rev. D 52, 2717 
(1995). 

J. C. Montero and V. Pleitez, in preparation. 
See 

http : / /f nphyx-www . f nal . gov/ experiment s/ktev/ktev . html. 
See also http://www.cern.ch/NA48/FirstResult for the 
recent result of the NA48 experiment. 
For previous direct CP violation measured in A' nn 
decays see also G. D. Barr et al. (NA31 Collaboration), 
Phys. Lett. B317, 233 (1993). 

M. K. Gaillard and B. W. Lee, Phys. Rev. D 10, 867 

(1974); C. O. Dib, J. F. Donoghue, B. R. Holstein and 

G. Valencia, Phys. Rev. D 35, 2769(1987). 

L. S. Littenberg, Phys. Rev. D 39, 3322 (1989); A. Buras, 

Phys. Lett. B333, 476 (1994). 

L. M. Sehgal, Phys. Rev. D 38, 808 (1988). 



7 



[22] B. Kayser, to appear in in the Proceedings of the Summer 
School in High Energy Physics and Cosm ology, ICTP- 
Trieste, June- July, 1995; hep-ph/9702264 and references 
therein. 

[23] W. J. Marciano and Z. Parsa, Phys. Rev. D 53, Rl 
(1996). 

[24] Y. Grossman and Y. Nir, Phys. Lett. B398, 163 (1997). 
[25] C. E. Carlson, G. D. Dorata and M. Sher, Phys. Rev. D 

54, 4393 (1996). 
[26] W-S. Hou and G-G. Wong, Phys. Rev. D 53, 1537 (1996). 
[27] B. Pontecorvo, Sov. Phys JETP, 6, 429 ( 1958). 
[28] V. Pleitez, Phys. Rev. D; [hep-ph/990540^ and references 

therein. 

[29] A. Zee, Phys. Lett. 93B, 389 (1980). 

[30] J. Liu and L. Wolfe nstein, Nucl. Phy s. B289, 1 (1987). 

[31] M. M. Guzzo et al, |hep-ph/990830^ . 

[32] T. Numao, Mod. Phys. Lett. A7, 3357 (1992); D. A. 

Bryman, Comments Nucl. Part. Phys. 21(2), 101 (1993) 

and references therein. 
[33] B. McWiUiams and L-F. Li, Nucl. Phys. B179, 62 (1981). 
[34] O. Shanker, Nucl. Phys. B204, 375 (1982). 
[35] J. C. Montero, C. A. de S . Pires and V. P leitez, Phys. 

Rev. D 60, 075005 (1999); [hep-ph/981230e . 



8 



